.
find all matches with a cutoff E value of 10 Ϫ10 . These 4,348 matches
We undertook a comparative genomics approach to were then compared to the proteome of Arapidopsis (blue) by WU-BLASTP to remove all matches with a cutoff E value of 10 Ϫ10 . The identify the eukaryotic flagellar/ciliary and basal body 688 proteins remaining are designated the FABB proteome (in proteome. Our strategy rests on two observations. First, light orange).
Chlamydomonas flagellar and basal body proteins show high similarity to human orthologs. Second, organisms that have lost flagella and basal bodies through evolu-(Supplemental Table S1 We used 58 well-studied genes that encode flagellar proteins or components of the IFT complex in Chlamydobidopsis. All proteins with a match in Arabidopsis were removed from consideration, which leaves only the promonas (Supplemental Table S2 on the Cell website). This set of test genes excludes tubulins, kinesins, and teins both present in organisms with flagella and basal bodies and absent from an organism that lacks flagella calcium binding proteins because these proteins have required roles in all eukaryotes. Thus, any gene retained and basal bodies. This procedure was repeated using the genomes of Caenorhabditis elegans, Ciona intestiin Arabidopsis for another function should not be found in the FABB proteome. Fifty-two of the fifty-eight known nalis, Drosophila melanogaster, and Mus musculus. The comparisons with each organism yield between 400 and flagellar and IFT genes (90%) are present in the FABB proteome. Six genes that localize or are required for the 688 proteins (Table 1) . Using human, mouse, and Ciona in combination yielded 504 proteins, which suggests assembly of the basal body of Chlamydomonas were examined, and four are in the FABB proteome (67%). that many of the same genes are found in all of the organisms tested (Table 1) . The datasets generated with
The similarity and identity of these 64 Chlamydomonas proteins were compared to the best matches from Caenorhabditis elegans and Drosophila melanogaster are smaller (400 and 481, respectively) than the human, human, mouse, Ciona, Drosophila, C. elegans, and Arabidopsis (Supplemental Table S2 online). Overall, human mouse, or Ciona sets. We will refer to the Chlamydomonas ϩ Human Ϫ Arabidopsis collection of proteins as and mouse matches show more significant E values with Chlamydomonas proteins than with Drosophila and the flagellar apparatus-basal body (FABB) proteome Table S1 ).
basal body function. We also observed significant enrichment for WD repeat-containing proteins (21 to 7) Consistent with this prediction, this set includes the known radial spoke, central pair, and dynein arm proand IQ calmodulin binding motifs that may represent important domains for protein-protein interactions in the teins, which are needed for motility.
In addition to established Chlamydomonas basal basal body and flagella. body and flagellar genes, the FABB proteome contains several known mammalian disease genes (Supplemental Table S1 Table S3 online for list and statistical evaluation using Fisher's exact p value).
Validation of Basal Body Genes
Chlamydomonas strains Bardet-Biedl syndrome encode proteins involved in loci. We determined that in one of these families, KK63, both affected sibs, but none of the unaffected indivi-BBS5 maps to human chromosome 2q31 between D2S156 and D2S1238; the region spans 14 Mb and conduals, were homozygous by descent ( This mutation may lead to nonsense-mediated decay of the message. The combined data from these two famiframe and intron-exon junctions of FLJ11457 in a patient from Newfoundland family NFB9 that defined the BBS5 lies support the hypothesis that the candidate gene DKFZp762I194 is BBS5. locus (Young et al., 1998) was sequenced and yielded several polymorphisms, but no potentially pathogenic We next ascertained the contribution of BBS5 mutations to the pool of BBS patients by screening a commutations. We then sequenced each of the 12 coding exons of DKFZp762I194 and identified a homozygous bined cohort of 259 independent BBS families from various ethnic backgrounds. We identified likely pathogenic A→G transition at the ϩ3 position of the exon 6 splice donor that segregates with the BBS phenotype in the mutations in two families. In consanguineous family PB108 of Turkish descent, we identified an insertionextended family. The two available affected individuals are homozygous G/G, both parents are heterozygous deletion mutation, 263-271 indelGCTCTTA, which has the net effect of removing a single base and resulting in A/G, and four unaffected sibs are either homozygous A/A or heterozygous A/G ( Figure 4A ). Because this allele a premature termination codon ( Figure 4D ). In a second family, PB127 of Kurdish descent, the patient harbors segregates with the disease and it is absent from 100 Newfoundland control chromosomes, its effect in a a homozygous nonsense mutation W 59 X, which by conceptual translation will lead to premature termination lymphoblastoid cell line from one of the NFB9 patients was investigated. Amplification of exons 4 to 9 of ( Figure 4E ). These data suggest that BBS5 contributes approximately 2% to the BBS mutation pool; this esti- 6H and 6I) .
To explore the function of BBS5 further, a rabbit antipeptide antibody was generated to the predicted mouse BBS5 protein. On immunoblots, the antibody recognizes two proteins with apparent molecular weights of 37 and 40 kDa in extracts from cultured IMCD cells and whole mouse (E10.5) embryos (Supplemental Figure S1 ). These sizes are consistent with the proteins predicted by the conceptual translation of the mouse cDNA and alternatively spliced isoform ( Figure 4B ). Importantly, neither of these products is detected on immunoblots probed with the preimmune sera.
In agreement with the localization of the BBS-5::GFP in C. elegans, prominent immunofluorescent staining was detected at the apical surface of the multiciliated ependymal cells lining the ventricles of the brain ( Figures  6L-6T) . The localization to basal bodies was confirmed by colocalization of BBS5 with ␥-tubulin, a centrosomal and basal body marker, and the localization of BBS5 just beneath the cilia as detected by antibodies to acetylated ␣-tubulin. The domain of BBS5 staining was also found to extend beneath that of ␥-tubulin signal, indicating that BBS5 is also localized to regions surrounding the basal bodies. Faint staining was detected in the cilium, although it was difficult to confirm that this signal was significantly different from that of the background. in (B) and (C) .
RNA Interference of the BBS5

Homolog in Chlamydomonas
found at the base of the cilia.
transformants are partially aflagellate. The severity of are lost upon deflagellation, and modest increases in transcription may be necessary for its reassembly phenotype correlates with the fold-reduction in mRNA (Dutcher, 2004) . This interpretation agrees well with the levels. In the aflagellate strains with the cleavage furrow localization of BBS-5 in C. elegans and in BBS5 mouse defect, the mRNA was reduced 2.2-to 3.1-fold. In con- (Figure 6 ). However, without immunoelectron microstrast, the cells that show a partial flagellar assembly copy, it is difficult to determine if the proteins are localdefect have a 1.5-to 1.7-fold reduction. These results ized to the basal body or to the transition zone. strongly support a role for Bbs5 in flagellar and basal
The remaining 45 tested genes do not show significant body function and assembly. changes in mRNA levels following deflagellation. These may represent basal body genes. Alternatively, they may Discussion be noise in our dataset. RNAi treatment of five of the six non-upregulated strains show flagellar defects; several The study of model organisms has elucidated many show cleavage furrow defects. The severity of the phecritically important conserved processes that include notype correlates with the reduction in mRNA observed the cell division cycle, apoptosis, and development. We after transformation with RNAi constructs. These results have recently recognized the importance of cilia in disuggest that this class is enriched for basal body genes. verse human diseases. To understand and to treat ciliaOne potential drawback to our dataset is the low abunbased diseases, we must understand the assembly and dance of coiled-coil proteins. These proteins have low the function of flagella/cilia and basal bodies ( by ␣-, ␤-, and ␥-tubulin just as are kinesin-and calmoduSeveral methods have demonstrated that the dataset lin-like proteins. We may miss other proteins that are is highly enriched in components of the flagella and members of families with diverse roles. Finally, we will centriole/basal body. Our FABB proteome contains 88% miss any proteins whose genes are evolving rapidly, of established Chlamydomonas flagellar and basal body which may include BBS6 or cystin. genes. Of the eight known genes not in the FABB proTaken together, our comparative genomics approach teome, five are absent from the human proteome. One has produced a robust protein dataset that represents was present (IFT20) but, perhaps due to its small size, its a significant portion of the Chlamydomonas proteome E value was not significant. Two of the missing proteins necessary for flagellar and basal body biogenesis and (Oda11 and Pf16) have significant matches to human function. The core observation was the strong conservahomologs, but missed the imposed cutoff E value of tion of flagellar and basal body proteins. It is possible 10 Ϫ10 (Supplemental Table S2 ). This reflects a potential that a similar approach could be applied to other organcaveat of our methodology; these are two proteins that elles and processes conserved in some phyla, but lost in could be included if the criteria were adjusted to reflect others, to compartmentalize proteomes into functional the difference rather than the absolute E values in the subsets. The success of such approaches will depend flagellated and nonflagellated comparisons. PF16 is the on the extent of functional conservation of the process sperm-associated antigen 6 (SPAG6) in mammals and under study, the fidelity of the subtraction, particularly is clearly a flagellar component. Including these two with respect to the choice of target genomes, and the proteins would raise our identification rate to 91%. ability to validate the subtracted protein fractions. Amputation of Chlamydomonas flagella induces tranNotably, nearly half the proteins in our FABB set have scription of flagellar genes (Lefebvre et al., 1980). Thirtyno predicted function, and over a quarter of those lack eight percent of the 103 genes tested show at least a recognizable motifs. This highlights the ability of pro-3-fold increase in mRNA levels following deflagellation teome subtractions to assign initial function at a geand about two-thirds of these genes encode unknown nome-wide level. Given the disparities between the rate proteins. We suggest that these genes are components of genomic data production and functional characterizaof the flagellar axoneme, membrane, or IFT particles. tion of gene products, these types of approaches might Among the upregulated genes that were characterized provide the means to expedite annotation and accelerin mammals are hydin, NYD-SP28, which is involved in ate the acquisition of biological tools. Finally, our FABB testis development, a leucine-rich testis-specific proproteome will potentially serve as a useful template for tein, a testis-specific AMY-1 binding protein, and KPL2, the identification of genes involved in human ciliation which is induced during ciliogenesis in the trachea. 
